Abstract. Phototransformation of the herbicide fluometuron (1 μM) in natural sunlight was 17 investigated in neutral Milli-Q water and in synthetic waters containing either fulvic acids, 18 nitrate ions or both in order to mimic reactions taking place in aquatic environments. 19
Fluometuron degradation followed a pseudo-first order kinetics. The reaction was faster in 20 synthetic than in Milli-Q water. Fulvic acids (10 mg L -1 ) increased the rate of fluometuron 21 photolysis by a factor 2.5 and nitrates (25 mg L -1 ) by a factor 15. Identification of major 22 photoproducts was conducted under laboratory conditions using LC-ESI-MS. Numerous 23 photoproducts were detected and tentatively characterized. In the presence of nitrates, 24 hydroxylation of the aromatic ring with or without hydrolysis of CF 3 into CO 2 H and oxidation 25 of the urea chain leading to demethylation were observed. In the presence of fulvic acids, 26 hydroxylation of the aromatic ring was the major reaction route. 27 thus strongly dependent on the medium composition. Due to all these factors, studies can help 52 to predict the fate of pollutants at the condition that they are undertaken under relevant 53 experimental conditions. 54
In the present work, we focused on the phototransformation of the phenylurea 55 herbicide fluometuron (FM). This compound is widely used for pre-and post-emergence 56 control of weeds in fields of conventional cotton cultivars. It is persistent (Stoeckel et al, 57 1997) and may pose some risks to aquatic organisms (Muschal and Warne, 2003) . However, 58 literature data are very scarce, especially concerning its photochemical reactivity. FM poorly 59 absorbs solar light (see Figure 1 ) but indeed its direct photolysis in simulated solar light (λ > 60 290 nm) was reported (Lam et al, 2005) . The CF 3 group undergoes photohydrolysis into 61 CO 2 H. FM was also included in a recent study (Lam et al, 2003) in which the contribution of 62 indirect processes in surface waters under sunlight simulated irradiation conditions was 63 evaluated. Nitrate ions at a level of 8x10 -4 M significantly enhanced FM degradation while 64 humic acids gave unclear results. 65
The objective of the present work was to investigate the photolysis of FM in 66 conditions approaching real ones. FM in the micromolar range was irradiated in natural solar 67 light. The influence of DOM or/and nitrates on the phototransformation was assessed. In 68 parallel, laboratories experiments were conducted to identify the main photoproducts on the 69 basis of HPLC-ESI-MS analyses. 70
Material and Methods 71
Chemicals. FM (97.7 % purity) was purchased from Riedel de Haën (Saint Quentin Fallavier, 72
France) and used as received. Elliott soil fulvic acids were purchased from International 73
Humic Substances Society (IHSS). The salt used to add nitrate ions was NaNO 3 (Fluka, 99 74 %). All other reactants were of the highest grade available and used as received. Water was 75 purified using a Milli-Q device (Millipore). 76 77 Preparation of solutions. A stock solution of FM was prepared by dissolving 4 mg of 78 substrate in 100 ml of Milli-Q purified water. Solubilization was achieved after a 4-day 79 stirring. Stock solutions of fulvic acids and sodium nitrate were prepared in Milli-Q purified 80 water. They were at a concentration of 40 mg L -1 and 50 mg L -1 , respectively. Stock solutions 81 were then diluted in order to obtain the desired concentrations. Solutions were buffered in 82 order to maintain constant the pH all along irradiations. A pH of 6.5 was chosen because 83 natural aquatic medium is generally around neutrality. Phosphate buffers were used; their 84 final concentration was equal to 10 -3 M. Deoxygenation of solutions was achieved by nitrogen 85 bubbling for 20 minutes prior to irradiation and during irradiations. In all cases, FM consumption followed pseudo-first order kinetics. The rate coefficients, k, 155 and R 2 values are reported in Table 1 . 156
These kinetic results bring insight into the photodegradability of FM in solar light. FM 157 is hardly transformed in pure water due to the poor absorption of solar radiations. Using the 158 rate coefficient given in Table 1 one computes a half-life of 175 h. This value is 2.6-fold 159 higher than that of Lam et al. (2003) . It shows that in the case of FM a one-day irradiation in 160 June in our place is comparable to about 5 h of irradiation in the photosimulator used by these 161
authors. 162
The chromophoric constituents of water (nitrate and fulvic acids) promoted FM 163 phototransformation. The effect of fulvic acids was quite moderate. In the presence of fulvic 164 acids (10 mg L -1 ), the rate coefficient was increased by a factor of 2.5 and the half-live 165 reduced by the same factor. Nitrate ions (25 mg L -1 ) had a more pronounced influence 166 increasing the rate coefficient and reducing the half-live by a factor of 15. In the presence of 167 fulvic acids and nitrate ions, the rate of were obtained in ES -mode. These data are compatible with the structure proposed in Table 2 . 205
The first fragment would correspond to the loss of the carboxylic group and the second to the 206 cleavage of the terminal amine group -N(CH 3 ) 2 followed by loss of an H atom to yield an 207 isocyanate as shown in Scheme 1. of H to form the isocyanate. It is compatible with structure given in Table 2 . 213
The irradiation of FM (3x10 -5 M) in the presence of nitrate ions (25 mg l -1 ) yielded 214 seven photoproducts detectable by HPLC-UV (see Figure 3 B ). Based on HPLC retention 215 times, UV absorption spectra and mass data, we could conclude that photoproducts I and II 216 were present among the seven photoproducts. Two other compounds III and IV with a 217 molecular ion at m/z = 223 in ES -mode were also detected. As they showed distinct retention 218 times and UV maxima, but similar fragmentation at m/z =179 and 134 with different 219 percentages of fragments, they are likely to be isomers of I. Photoproducts I, III and IV 220 should differ from each other in the position of the hydroxyl group on the ring. The 221 photoproducts V and VI that were eluted just before FM showed similar absorption spectra. 222
One of them, V, gave a molecular ion at m/z = 203 in ES -mode corresponding to the loss of 223 28 amu and a fragment at m/z = 160. The other one, VI, gave a molecular ion at m/z = 217 in 224
ES
-mode and the same fragment at m/z = 160 (see Scheme 2). These compounds could be 225 assigned to demethylated products; VI would be the monodemethylated derivative and V the 226 didemethylated derivative (see Table 2 ). 
248
The formation of hydroxyl radicals is 9-fold more efficient than that of atomic oxygen. 249
As hydroxyl radicals are also much stronger oxidants than atomic oxygen, they are generally 250 considered to be the main species involved in the nitrate-photoinduced transformations of 251 organic compounds, even though nitration reactions were also reported to occur (Machado 252 and Boule, 1994; Vione et al., 2001). Hydroxylation of the aromatic ring and 253 oxidation/elimination of the methyl groups of the urea aliphatic chain confirm that FM was 254 oxidized by hydroxyl radicals (Scheme 3). 255
The aromatic ring of FM is a site of attack for hydroxyl radicals. The OH-adduct 256 radical is expected to yield the ring hydroxylated compound (photoproduct II). Photoproducts 257 I, III and IV are also ring hydroxylated products, but, contrary to II, they bear the CO 2 H 258 substituent instead of the CF 3 substituent initially present in FM. The formation of these 259 products requires two steps. Either they are produced by photohydroxylation of the acid, or 260 they result from the direct photolysis of photoproduct II. Photoproduct II which shows a 261 maximum of absorption at 295 nm instead of 275 nm for FM absorbs solar light better than 262 FM, and thus could undergo faster photolysis. In both cases, several isomers corresponding to 263 the possible sites of attack for hydroxyl radicals are expected. As three hydroxylated acids 264 were detected, three hydroxylated derivatives of FM should be produced too. We only 265 detected one peak at the mass m/z = 247 in ES -. Either, the three isomers show the same 266 retention time and are eluted altogether, or we have failed to detect two of them. 267
The second site of attack of hydroxyl radicals is the urea aliphatic chain. Three 268 photoproducts were detected: the carbonyl derivative VII, the monodemethylated product VI 269 and the didemethylated product V. The first step should be the abstraction of a H atom from 270 CH 3 to form the CH 2
• radical that can add oxygen and finally give V, VI and VII. On the 271 HPLC chromatograms and by total ion count (TIC), the area of products V, VI and VII were 272 higher than those of products I-IV. It seems therefore that the attack of the urea terminal chain 273 is the main reaction pathway. However, without titration of photoproduct to measure chemical 274 yields, this argument must be taken with caution because ring hydroxylation and hydrolysis of 275 Table 2 . 436 437 438 Figure 1  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  Figure 2  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533 535  536  537  538  A  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  B  554  555  556  557  558  559  560  561  562  563  564 
